Abstract-There is significant controversy around whether chlorthalidone (CTD) is superior to hydrochlorothiazide (HCTZ) in hypertension management. The objective of this analysis was to evaluate the effects of CTD compared with HCTZ on cardiovascular event (CVE) rates. We performed a retrospective observational cohort study from the Multiple Risk Factor Intervention Trial data set from the National Heart, Lung, and Blood Institute. The Multiple Risk Factor Intervention Trial was a cardiovascular primary prevention trial where participants were men 35 to 57 years of age enrolled and followed beginning in 1973. CVEs were measured yearly, and time to event was assessed by Cox regression. Systolic blood pressure, total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, potassium, glucose, and uric acid were measured yearly. 
T hiazide-type diuretics are recommended as a primary choice for the treatment of hypertension. 1 In the case of uncomplicated hypertension, without the presence of comorbid conditions that would benefit from another class of antihypertensive drug, the thiazide-type diuretics are considered one of the initial agents to use. If not used as initial therapy, thiazide-type diuretics are recommended as the next agent added to existing therapy, should more aggressive treatment be desired.
Clinicians have several options when prescribing a thiazide-type diuretic. The most commonly prescribed thiazide-type diuretic is hydrochlorothiazide (HCTZ). 2 This agent is listed 9 different times as HCTZ or as 1 of 2 agents in a combination drug in the 2008 top 200 drugs prescribed in the United States. Other thiazide-type diuretics include chlorthalidone (CTD), chlorothiazide, metolazone, and indapamide. The choice between HCTZ and CTD for the treatment of hypertension is controversial and has recently been a topic of editorials, meta-analyses, and reviews. [3] [4] [5] [6] [7] CTD may have superior 24-hour blood pressure control compared with HCTZ. 8 There are also several studies that demonstrate the efficacy of both CTD and HCTZ, 9 -15 but one recent clinical trial has led some to question the effectiveness of HCTZ. 16 The Multiple Risk Factor Intervention Trial (MRFIT) was a large primary prevention trial that began in 1973. 17 It was the first study to hint that CTD may be superior to HCTZ. In 1980, the MRFIT Policy Advisory Board changed the hypertension treatment protocol, recommending CTD over HCTZ for initial hypertension therapy. 13 This was done because the coronary heart disease (CHD) mortality of special intervention clinics using HCTZ was 44% higher than other clinics (Pϭ0.23). The MRFIT data set provides the opportunity to directly compare HCTZ and CTD, because the documentation of these drugs was done at each follow-up visit. The objective of the current analysis was to evaluate the cardiovascular end points between patients who took HCTZ and CTD. The secondary objective was to compare the change in systolic blood pressure (SBP), total cholesterol (TC), lowdensity lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, triglyceride, potassium, glucose, and uric acid of patients in the 2 groups.
Methods

Design Overview
We performed a retrospective observational cohort analysis comparing the clinical effects of CTD with HCTZ. Data for this analysis were collected as part of the MRFIT, which was a randomized cardiovascular primary prevention trial in 12 866 men, 35 to 57 years of age, who were enrolled and followed beginning in 1973. The study tested whether a multifaceted intervention program could reduce mortality from CHD. The specifics of the study have been published previously. 17 Briefly, patients were randomized to a special intervention group consisting of treatment for hypertension, smoking cessation counseling, and dietary guidance or to usual care from their healthcare provider with follow-up of 7 years. The hypertension intervention involved a stepped-care approach, which began with HCTZ or CTD at either 50 or 100 mg daily, with weight and sodium reduction. The steps that followed were to add antiadrenergic drug therapy, an arteriolar vasodilator, and then guanethidine in step 4. The goal blood pressure was a diastolic blood pressure of 89 mm Hg or 10-mm Hg less than the average diastolic blood pressure at that visit, whichever is lower. The use of CTD and HCTZ was assessed by interview at each follow-up visit for 7 years, along with many other clinical variables. Our analysis was approved by the University of Michigan Institutional Review Board.
Patient Population
Eligible patients for the MRFIT were in the upper 15% of risk for death from CHD based on risk factors of elevated cholesterol, elevated diastolic blood pressure, and cigarette smoking from the Framingham Heart Study. Patients also could not have had preexisting, definite clinical CHD before entering the study.
Exposure Definition
The use of CTD or HCTZ was considered first line therapy for the hypertension intervention in the MRFIT. Use of either CTD or HCTZ was documented yearly. It was assumed that if the patient indicated taking the diuretic at the follow-up assessment, they had taken the medication in the year before that visit. This exposure was then used as a time-dependent variable to include all of the follow-up time points in which patients were exposed to either drug. Based on the time-dependent nature of this analysis, an individual patient could cross over from one drug group to the other over time. If a patient reported stopping either drug during the follow-up, then those time points were defined as "stopped drug." This definition of exposure was undertaken to capture the cross over that is seen in the data set. Figure 1 provides further explanation. For the secondary outcomes, the exposure was defined as those patients who stated adherence to either CTD or HCTZ for 6 of the 7 yearly visits.
Outcome Measures
The full Outcome Measures section defining each end point is described in the online Data Supplement (please see http://hyper. ahajournals.org). The primary outcome of this analysis was cardiovascular events that were adjudicated and prespecified in the MRFIT data set. Nonfatal events consisted of clinical myocardial infarction (MI), MI determined by annual ECG, stroke, coronary artery bypass surgery, ECG-defined left ventricular hypertrophy, heart failure, angina determined by Rose questionnaire, and peripheral artery occlusive disease. Nonfatal CVEs were documented at the yearly follow-up in the MRFIT data set; the specific dates of each event were not recorded. Cause-specific mortality is based on death certificates coded by trained nosologists using the International Classification of Diseases, 9th Revision. The study personnel adjudicated these cardiovascular deaths to be caused by coronary surgery, congestive heart failure, sudden death, MI, hypertension with renal failure, hypertension with left ventricular failure, stroke, and other cardiovascular disease. Secondary outcomes were the change in SBP, TC, LDL cholesterol, HDL cholesterol, triglyceride, potassium, glucose, and uric acid at each time point of follow-up between CTD and HCTZ.
Statistical Analysis
The primary outcome was the time from first follow-up documenting CTD or HCTZ exposure during the study to the first cardiovascular event. A time-to-event analysis was performed using Cox regression, stratifying by the MRFIT follow-up clinic. The covariates of primary interest were the prescription of CTD, HCTZ, or neither drug, entered in the model as time-dependent covariates. This method allowed us to define exposure at each time point for a specific patient and examine the events when patients were in that exposure time. Models were adjusted for baseline age, race, smoking status, MRFIT randomized group, diuretic dose, SBP, LDL, HDL, and baseline hypertension treatment, which are either known predictors of CVEs or had significant treatment imbalance at baseline. Patients without an event were censored at last follow-up. Secondary analyses were performed to investigate differences in the mean levels of SBP, TC, LDL, HDL, triglyceride, potassium, glucose, and uric acid between those on CTD versus HCTZ over time. Mixed-model analyses controlling for baseline predictors for each variable were used with a random slope and intercept for each patient. Tests for a difference between those on CTD versus HCTZ were performed overall, as well as at each time point. All of the statistical analyses were performed using SAS software version 9.2 (SAS Institute, Inc).
Results
Of the 12 866 patients in the MRFIT, 6441 were initially prescribed either CTD (Nϭ2392) or HCTZ (Nϭ4049) with a median follow-up of 6 years. Seventy-five percent of the initial HCTZ patients and 76% of the initial CTD patients crossed over into either the other drug group or the drugstopped group. Of the initial HCTZ patients, 29% crossed over into the CTD group, whereas 37% of the initial CTD patients crossed over into the HCTZ group sometime during follow-up. Overall, 46% of the time patients were in the HCTZ group, 32% in the CTD group, and 23% in the stopped-drug group, accounting for 33 614 years of exposure among the 6441 patients. Baseline characteristics of patients based on the initial diuretic are presented in Table 1 . There were no statistically significant baseline differences in demographics, cardiovascular risk factors, and metabolic parame- Exposure definition for the primary analysis. The dashed line is CTD, the dotted line is HCTZ, and the solid line is when one of the drugs was stopped. Patients were not entered into the data set until the first exposure to CTD or HCTZ. As seen, this example patient did not enter into the data set until year 2. Year 2 exposure was considered CTD. During year 3, the patient stopped taking CTD and was considered stopped drug for year 3. Year 4 was then considered HCTZ.
ters. However, significantly more CTD patients were randomized to the MRFIT intervention than the control and were taking higher doses of a thiazide-type diuretic. The HCTZ group had a significantly greater proportion of patients receiving hypertensive drug therapy at baseline. A total of 1244 cardiovascular events were documented over the 7 years of follow-up.
Cardiovascular Events
CVEs were significantly lower in those on CTD (adjusted hazard ratio Figure 3 shows each variable over time adjusted for baseline predictors with asterisks delineating the time points that are significantly different between groups. In the longitudinal models comparing CTD with HCTZ over time, CTD patients displayed significantly lower SBP (overall PϽ0.0001), TC (overall PϽ0.0001), LDL (overall Pϭ0.0009), and serum potassium (overall Pϭ0.0003) and higher uric acid over time (overall PϽ0.0001) compared with HCTZ. Glucose over time (overall Pϭ0.1595) and triglyceride over time (overall Pϭ0.2648) did not differ between the groups. The specific values are available in the online Data Supplement Table S2 .
Differential Effects of CTD Compared With HCTZ
Discussion
Based on a post hoc analysis of a primary prevention study, currently the only study that allows for direct comparison between HCTZ and CTD on cardiovascular outcomes, we were able to demonstrate that CTD significantly reduced CVEs as compared with HCTZ. This finding is analogous to the morality data after a 10.5-year follow-up from MRFIT. 13 In March 1980, the CHD mortality of special intervention clinics using HCTZ was 44% higher than other clinics (Pϭ0.23). This led to a change in study protocol to the use of CTD as the thiazide-type diuretic of choice. From April 1980, the rate of CHD mortality in those clinics decreased by 28% (Pϭ0.04, for comparison of percentage difference in mortality in the 2 time points). The results from our study further enhance the notion that CTD may be the preferred thiazide-type diuretic for treatment of hypertension. Obviously, one question that needs to be addressed is why CTD showed better efficacy in reducing cardiovascular events as compared with HCTZ when both agents work in a pharmacologically similar fashion. Based on our findings, an answer may be that CTD at the doses studied is a more potent antihypertensive agent resulting in greater blood pressure lowering and better outcomes. Recent data in the literature support our findings that CTD appears to lower SBP more than HCTZ. 8 Another reason why patients in the CTD group had improved outcomes may relate to metabolic profile of the drugs. When evaluating the metabolic profile, the CTD group had lower LDL and glucose values as compared with the HCTZ group. The lower the LDL levels the greater the chance of reducing cardiovascular events. Similarly, impaired glucose tolerance may also contribute to cardiovascular disease. The trends in glucose values were higher in the HCTZ group compared with the CTD group. The reason for the improved metabolic profile seen in the CTD group is not known. However, more CTD patients were in the study intervention group where lifestyle interventions were performed. We controlled for this intervention within our models, but there may have been residual effects that were not accounted for by that covariate. In contrast to these positive Adjusted event-free probability of CVEs. The hazard ratio was estimated using the Cox model. Adjusted estimates were controlled for by age, race, smoking status, MRFIT randomized group, diuretic dose, SBP, LDL, HDL, and baseline hypertension treatment. The hazard ratios were estimated using the Cox model. All of the variables were controlled for by age, race, smoking status, MRFIT randomized group, diuretic dose, SBP, LDL, HDL, and baseline HTN treatment. There can be overlap in events. CABG indicates coronary artery bypass; CHF, congestive heart failure; PAOD, peripheral artery occlusive disease; LVH, left ventricular hypertrophy.
findings, the CTD group had lower potassium levels and higher uric acid levels. The reason for these findings may again relate to the potency of CTD and the doses used in the study. Despite the lower potassium levels and higher uric acid levels, increases in events were not seen in the CTD group. These findings are consistent with a previous MRFIT subgroup analysis in patients with baseline rest ECG abnormalities, suggesting that hypokalemia did not contributed to Figure 3 . Effects of CTD vs HCTZ over time. Adjusted values were estimated using mixed models and represented as meanϮSEM. Asterisks (*) represent PϽ0.05. The overall P value in each figure is the drug-by-time interaction. SBP was adjusted by age, diuretic dose, diagnosis of hypertension, and MRFIT randomization group. Glucose was adjusted by age, diuretic dose, body mass index, and diagnosis of diabetes. TC and LDL were adjusted by diuretic dose and the MRFIT randomization group. Potassium was adjusted by age, diuretic dose, and MRFIT randomization group. Uric acid was adjusted by diuretic dose and the diagnosis of diabetes mellitus.
coronary artery disease mortality rate in the special intervention group at 48 months of follow-up. 12 Other reasons for improved outcomes with CTD may relate to differences in pharmacokinetic and pharmacodynamic properties between CTD and HCTZ. With regard to pharmacokinetics, the half-life of CTD (45 to 60 hours) is much longer than the half-life of HCTZ (16 to 24 hours), and CTD has a larger volume of distribution. In addition, CTD is thought to be 1.5 to 2.0 times more potent than HCTZ, with 24-hour ambulatory blood pressure monitoring demonstrating lower blood pressure with CTD during the nighttime hours. 8 Furthermore, a recent meta-analysis also suggested that CTD has greater effects on systolic blood pressure reductions as compared with HCTZ. 5 Greater systolic blood pressure reductions in concert with more consistent effects over 24 hours with the use of CTD may have contributed to our study findings.
There are inherent limitations in an observational study design, in that we cannot exclude unmeasured confounding, selection bias, and information bias that may have occurred during the study. Unmeasured confounding could exist, because the treating physician determined antihypertensive drug selection, and we could not determine why HCTZ or CTD was chosen as initial therapy or why patients switched from one drug to another. We have attempted to reduce selection bias by comparing the HCTZ and CTD groups in a time-dependent fashion to a time period when people stopped taking either drug; we believe that this gives more strength to the conclusions of this analysis. Another limitation to this analysis is that we could access only the data collected in MRFIT. The nonfatal events were only documented during each yearly follow-up so the exact time of each event is not known. We hope that defining drug exposure for the year before the documented event limits bias for each group studied. Also, data on why patients stopped taking CTD or HCTZ are unavailable and may pose information bias. Despite these limitations, our finding that both the HCTZ and CTD groups have better outcomes as compared with the stopped drug group gives a measure confidence in our approach to the data.
Perspectives
Our study demonstrates that both HCTZ and CTD reduce CVEs compared with neither drug. When comparing both drugs, CTD reduces CVEs more than HCTZ, suggesting that CTD may be the preferred thiazide-type diuretic for hypertension in patients at high risk of cardiovascular events. Prospective randomized, controlled trials are needed to confirm the effects on clinical end points, because this class of medications is so commonly prescribed for hypertension.
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Methods
Outcome Measures
The primary outcome of this analysis was cardiovascular events that were adjudicated and pre-specified in the MRFIT dataset. Non-fatal events consisted of clinical myocardial infarction (MI), MI determined by annual electrocardiogram (ECG), stroke, coronary artery bypass (CABG) surgery, ECG defined left ventricular hypertrophy (LVH), heart failure (HF), angina determined by Rose questionnaire, and peripheral artery occlusive disease (PAOD).
Clinical MI was defined as an admission for MI based on review of hospital records. The records, which included admission sheet, discharge summary, ECGs and laboratory reports were forwarded to the coordinating center where nurses abstracted them. If a cardiovascular diagnosis was recorded in the chart, the records were reviewed by a cardiologist who evaluated the data in 3 categories of evidence for MI: history, serum enzyme levels, and ECGs. Each category was classified as strong, moderate, weak, or no evidence of MI. Definite MI required strong evidence in at least one category and strong or moderate evidence in a second category. The cardiologist diagnosis was compared to a computer algorithm of abstracted data. Discordant cases were assessed by two cardiologists, who reached a consensus on the diagnosis. The diagnosis of ECG MI required both of the following conditions: change in Minnesota Code for Q-QS patterns within any lead groups and significant change from the last screening ECG as judged by two cardiologists. ECG defined LVH was done by measurements made on standard 12-lead ECG.
R-wave amplitude greater than 26 mm in either leads V5 or V6 or R-wave amplitude in V5 or V6 plus S or QS amplitude in V1 greater than 35 mm was diagnostic of ECG LVH. Stroke was diagnosed if hemiplegia or hemiparesis was present on physical exam. HF was defined by the presence of at least 2 major and 2 minor criteria. Major criteria were paroxysmal nocturnal dyspnea, distended neck veins, rales in the presence of unexplained dyspnea, and S 3 gallop.
Minor criteria consisted of bilateral ankle edema, dyspnea on ordinary exertion, hepatomegaly, decrease in vital capacity by one-third from maximum record, and tachycardia. The Rose questionnaire, a standardized measure of angina, was performed to assess angina. A patient experiencing angina would respond that they have chest pain when walking up a hill, in a hurrying, or at a normal pace, if they stop or slow down when they get chest pain, if it goes away within 10 minutes of stopping or slowing down, and if the pain is located left sternum or left arm. PAOD was determined on physical exam if the patient had an absent or diminished femoral pulse with the presence of either a bruit, ischemic ulcers, surgery for peripheral arterial disease, or amputation of the lower limb. Non-fatal CV events were documented at the yearly follow-up in the MRFIT dataset; the specific dates of each event were not recorded. Cause-specific mortality is based on death certificates coded by trained nosologists using the Ninth Revision of the International Classification of Diseases (ICD-9). ICD-9 rubrics 410-414 and 429.2 are used to identify CHD deaths. ICD-9 code 429.2 identifies "cardiovascular disease, unspecified." The study personnel adjudicated these CV deaths to be caused by coronary surgery, congestive heart failure, sudden death, myocardial infarction, hypertension with renal failure, hypertension with LV failure, stroke, and other cardiovascular disease. Secondary outcomes were the change in SBP, TC, LDL cholesterol, HDL cholesterol, triglyceride, potassium, glucose, and uric acid at each time point of follow up between CTD and HCTZ. The standard mercury sphygmanometer was used to measure blood pressure. Sitting blood pressure was taken in a quiet room at each follow up visit. 
